We studied the influence of two irradiances on cold acclimation and recovery of photosynthesis in Scots pine (Pinus sylvestris L.) seedlings to assess mechanisms for quenching the excess energy captured by the photosynthetic apparatus. A shift in temperature from 20 to 5°C caused a greater decrease in photosynthetic activity, measured by chlorophyll fluorescence and oxygen evolution, in plants exposed to moderate light (350 µmol m -2 s -1 ) than in shaded plants (50 µmol m -2 s -1 ). In response to the temperature shift, maximal photochemical efficiency of photosystem II (PSII), measured as the ratio of variable to maximal chlorophyll fluorescence (F v /F m ) of dark-adapted samples, decreased to 70% in exposed seedlings, whereas shaded seedlings maintained F v /F m close to initial values. After a further temperature decrease to -5°C, only 8% of initial F v /F m remained in exposed plants, whereas shaded plants retained 40% of initial F v /F m . Seven days after transfer from -5 to 20°C, recovery of photochemical efficiency was more complete in the shaded plants than in the exposed plants (87 and 65% of the initial F v /F m value, respectively).
Introduction
Northern winter climate imposes a dual stress on evergreen plants: not only is metabolic adjustment to low temperatures in green tissues required, but rearrangement of the photosynthetic apparatus to withstand high irradiances absorbed in excess of biochemical consumption is also necessary . The long-term (i.e., weeks) response of conifers to low temperatures consists of two major phases: frost hardening, which occurs at temperatures slightly above zero and does not affect the efficiency of photosynthesis under lightlimited conditions, and winter stress, which occurs at subzero temperatures and is characterized by suppression of photosynthetic efficiency because of deeper changes within the photosynthetic apparatus (Öquist et al. 1980) .
Cold acclimation in conifers in autumn is triggered by decreasing day length and temperature and involves down-regulation of photosynthesis, induction of protective proteins and pigments and adjustments of antenna size and composition to favor decreased light absorption and increased dissipation of excess energy by non-photochemical quenching (NPQ) or by diverting absorbed energy from photosystem II (PSII) function to photosystem I (PSI) (Huner et al. 1998 , Ivanov et al. 2001 , Savitch et al. 2002 .
After the initial cold-stress response, protective mechanisms are developed during the cold acclimation process. Frost-hardened needles exhibit lower photosynthetic activity at moderately low temperatures because of loss and photochemical down-regulation of PSII reaction centers (Ottander et al. 1995) . The imbalance between the absorbed energy and metabolic activity results in excess excitation pressure and photoinhibition of PSII (Strand and Öquist 1985a , 1985b , Huner et al. 1998 . High irradiances enhance the negative effect of low temperatures on photosynthesis (Vogg et al. 1998 , Yamazaki et al. 2003 , Ensminger et al. 2004 ), whereas at moderate irradiances photosynthetic capacity is less affected by low temperatures .
In contrast to deciduous trees, evergreens retain significant amounts of chlorophyll (Chl) during winter. In addition, the amount of light-harvesting Chl a/Chl b protein complexes is relatively resistant to winter stress in Scots pine (Öquist and Martin 1980) , facilitating rapid recovery of photosynthesis in spring (Ottander et al. 1995 , Ensminger et al. 2004 . To protect the winter-preserved Chl a/Chl b protein complexes in Scots pine needles from photooxidation, a high and sustained capacity for NPQ of light absorbed in excess of biochemical consumption develops and is associated with sustained high concentrations of xanthophyll cycle pigments in a low epoxidation state (Adams and Demmig-Adams 1994 , Ottander et al. 1995 , Krivosheeva et al. 1996 , Savitch et al. 2002 . Accumulation of lutein has also been reported in overwintering plants (Tausz et al. 1999 , Matsubara et al. 2003 . Recently, an increased probability for non-radiative charge recombination within the PSII reaction center (reaction center quenching) was suggested as an additional mechanism for dissipation of excess light in overwintering evergreens .
Irradiance also affects the recovery of photosynthesis in evergreens after cold stress, which is important both during warm spells in winter (Vogg et al. 1998 ) and during spring (Ensminger et al. 2004) . Under laboratory conditions, recovery of PSII photochemistry occurs rapidly when needles are subjected to moderate light and temperature (Pharis et al. 1970 , Neilson et al. 1972 , Ottander and Öquist 1991 , Ivanov et al. 2001 ). However, under field conditions, the light-exposed spruce and pine needles demonstrate slower recovery from winter stress than shaded needles, probably because of the combined effects of much higher irradiances under cloudless skies together with cool or freezing temperatures at night (Bauer et al. 1975 , Lundmark and Hallgren 1987 , Strand and Lundmark 1987 , Ensminger et al. 2004 .
Thus, the evidence indicates that the harmless quenching of energy absorbed in excess by winter-acclimated needles of Scots pine is an important photoprotective mechanism. This process is evidently accomplished through multiple dissipative pathways. To gain further insight into these acclimational changes, Scots pine seedlings grown in controlled climate chambers under low or moderate irradiance (50 and 350 µmol photons m -2 s -2 ) and subjected to cold acclimation and freezing followed by recovery, were monitored to determine: (1) the effect of irradiance on photosynthesis at low and freezing temperatures; (2) the effect of growth irradiance on the partitioning and quenching of absorbed light energy; and (3) the relative contributions of antenna quenching and reaction center quenching to photo-protection of PSII at low temperatures.
Materials and methods

Plant material
Scots pine (Pinus sylvestris L.) seeds were germinated on wet vermiculite at a day/night temperature of 25/15°C, 75% humidity and a 16-h photoperiod. After 2 weeks, the seedlings were transferred to liquid culture on dense foam rubber (Öquist et al. 1980 ) and cultured for 6 weeks until the primary needles were developed. The seedlings were then grown for 12 months in a greenhouse at 20°C at an irradiance of 350 µmol m -2 s -1 in a 16-h photoperiod.
Experimental design
One-year-old seedlings were transferred from the greenhouse to a growth cabinet (2.5 × 2 × 2 m high), hereafter referred to as the control growth chamber, set to provide a temperature of 20°C and an irradiance of 350 µmol m -2 s -1 during a 16-h photoperiod. Illumination was provided by eight metal halide lamps (HQI-BT 400W daylight) mounted above the transparent ceiling. Relative humidity was maintained at 75%. Eighteen seedlings were assigned to the exposed treatment and placed 70 cm from the lamps, resulting in an irradiance at seedling height of 350 µmol m -2 s -1 . The remaining 18 seedlings were assigned to the shaded treatment and positioned 140 cm from the lamps and additionally shaded with two layers of metal mesh of 1 mm cell size, resulting in an irradiance at seedling height of 50 µmol m -2 s -1 . Plants were rotated daily to ensure a uniform growth irradiance.
After the seedlings had acclimated to the control growth chamber conditions, they were transferred to treatment growth chambers that consecutively provided an autumn-like environment (15/10°C, 8-h photoperiod), cold hardening (5°C, 8-h photoperiod) and winter-like freezing (-5°C, 8-h photoperiod) while maintaining the seedlings in their respective moderate and low irradiance treatments. Conditions in the treatment growth chambers were set and equilibrated before the seedlings were transferred. For the recovery phase, the seedlings were returned to the control growth chamber (20°C, 16-h photoperiod). Seedlings were kept at each temperature for at least 3 weeks, except during the recovery phase, which lasted only 7 days. Sampling was performed in the mornings, just before the light was turned on. Each pooled sample consisted of two to four healthy needles taken from current-year shoots of each of four to six plants chosen consecutively from each group.
Photosynthetic pigments
About six pairs of needles (2.5 g fresh mass) were taken from the stem above the first node of each of five seedlings, frozen in liquid N 2 and stored at -80°C. Later on, samples were ground in liquid N 2 and freeze-dried. Pigments were extracted from the needle powder in acetone (100%) buffered with NaHCO 3 for 2 h at 4°C in the dark. Pigments were separated on a reversed phase C-18 column (Knaur, Berlin, Germany) by high performance liquid chromatography (HPLC) (Xyländer et al. 1996) . Total chlorophyll and total carotenoids were estimated spectrophotometrically (Lichtenthaler 1987) .
Chlorophyll fluorescence and photosynthetic oxygen evolution
Measurements of oxygen evolution (Clark-type electrode, Hansatech, Norfolk, U.K.) and pulse-modulated chlorophyll fluorescence of PSII (PAM-101, Heinz Walz GmbH, Effeltrich, Germany) were recorded simultaneously (Walker 1990 , Ensminger et al. 2004 ). For each measurement, freshly collected needles were aligned side by side on adhesive tape and a 2-cm diameter disk was excised. The disk was placed in an LD2/3 leaf chamber (Hansatech) at 20°C with 100% internal humidity and incubated in the dark for 20 min. The PSII activity was monitored as the ratio of variable (F v (Schreiber et al. 1994) . The needles were then exposed to a series of 5-min exposures to actinic light of increasing photon density, each followed by a 15-s pulse of weak far-red light from a light-emitting diode (LED) source (102FR, Heinz Walz GmbH) to determine the minimum fluorescence at open PSII centers during illumination (F o ′). The corresponding maximum fluorescence value at closed PSII centers (F m ′) was measured at the end of each actinic light exposure after applying a saturating light pulse. Partitioning of light energy absorbed by PSII was estimated as suggested by Demmig-Adams et al. (1996) , by measuring photochemical utilization of the excitation energy (P) as (F v 
, photochemical quenching coefficient; F = steady state fluorescence yield) thermal dissipation (D) as 1 -F v ′/F m ′, and the excess energy (E), potentially damaging for the PSII, as (F v Adams et al. 1996 , Kato et al. 2003 , Kornyeyev et al. 2003 . The distribution of the absorbed energy in needles of exposed and shaded seedlings was calculated from the data obtained at the corresponding growth irradiance (i.e., 350 or 50 µmol m -2 s -1 ).
Estimation of PSII and PSI functional absorption cross sections
Needle disks (12 mm in diameter) were dark-adapted for at least 30 min at the growth temperature. The disks were then placed in a cuvette (modified Hansatech leaf-disk cuvette) maintained at 20°C with 100% internal humidity. The F o chlorophyll fluorescence was recorded with a PAM-101 pulsemodulated fluorometer, optically coupled to the cuvette with a fiber optic. The 655 nm measuring beam was modulated at 100 kHz with a mean intensity of 1.66 µmol m -2 s -1 at the needle disk surface. We then applied a series of five single-turnover flashes (1.5 µs peak width at 50% of maximum) with a xenon-discharge flash lamp (XST103, Heinz Walz GmbH). The fluorescence trace was captured by a PC-based data acquisition system (Insight V 3.0, Intelligente Messtechnik GmbH, Backnang, Germany) at a rate of 40 points per µs. This process was repeated over a series of increasing flash intensities from 0.12 to 23.6 photons nm -2 flash -1 . Finally, each leaf was exposed to a multiple-turnover saturating flash of 8700 µmol photons m -2 s -1 for 1-2 s (KL1500, Heinz Walz GmbH). The traces were plotted and smoothed by adjacent averaging over a three-point window using the Origin software package (OriginLab, Northampton, MA), and mean variable fluorescence induced by each single-turnover flash intensity was extracted from the trace. The variable fluorescence values were normalized to the maximal variable fluorescence induced by the multiple-turnover flash and plotted against flash intensity. Functional absorption cross section per PSI was assessed through changes in absorbance at 820 nm (∆A 820 ) measured with an ED800T Walz emitter/detector. The decreases in A 820 were normalized to the maximal value obtained by the multiple-turnover flash and plotted against flash intensity. The slopes of the exponential curves of maximal variable fluorescence and ∆A 820 against flash intensity represent the functional absorption cross sections for PSII and PSI, respectively (Mauzerall and Greenbaum 1989) . Significance of differences between the 20 and 5 or -5°C treatments was estimated by one-way analysis of variance (ANOVA) followed by pairwise multiple comparisons using Scheffe's method (Neter et al. 1996) as implemented in the Origin software package.
Thermoluminescence measurements
Thermoluminescence (TL) of intact Scots pine needles was measured at a heating rate of 0.6°C s -1 with a TL data acquisition and analysis system (Ivanov et al. 2001 ). Samples of needle discs (2 cm in diameter) composed of needles from three plants were used for all measurements. A flash lamp assembly (Type FX200, EG&G Electro Optics, Salem, MA) was used to expose the samples to two single-turnover flashes (2.5 µs half band width at 10 Hz frequency). Dark-adapted needle discs (10 min in darkness at 20°C) were cooled to 0°C before exposure to the flashes. After the flash, samples were quickly cooled in liquid nitrogen. For S 2 Q A -recombination studies, needles were vacuum infiltrated with 20 µM 3-(3′,4′-dichlorophenyl)-1,1dimethylurea (DCMU) in darkness before flash illumination. Decomposition analysis of the TL glow curves was made with a nonlinear, least squares algorithm that minimizes the χ 2 function using the Origin software package. The nomenclature of Vass and Govindjee (1996) was used to characterize the TL glow peaks.
Statistical analysis
The Origin software package Version 6.0 was used for all graphics and statistical calculations.
Results
Responses of exposed and shaded seedlings to changes in growth temperature
Photosynthetic efficiency The control plants had F v /F m values of about 0.8, demonstrating a good functional state of PSII (Table 1) . At 5°C, F v /F m of exposed needles dropped to 70% of the control value, whereas F v /F m of shaded needles remained at not less than 95% of the control value. When seedlings were transferred to -5°C, F v /F m in the exposed seedlings dropped further to only 5% of the control value, whereas F v /F m of shaded seedlings was maintained at about 40% of the control value. Recovery of F v /F m was slower and less complete in exposed seedlings than in shaded seedlings (78 versus 90% of the control value after 7 days of recovery).
Photosynthetic capacity of the needles was assessed by the light response of oxygen evolution measured at 20°C. Therefore, this parameter does not indicate the achieved photosynthetic activity of the needles under growth conditions, but rather the potential activity, reflecting the functionality of the photosynthetic machinery in general, and PSII centers in particular. Needles of the exposed and shaded seedlings showed similar progressive inhibition of oxygen evolution rate following acclimation to lower temperatures. Exposed and shaded seedlings showed similar rates of oxygen evolution at growth temperatures of 20 and 5°C; however, at -5°C, the rate of oxygen evolution in exposed seedlings was completely suppressed, whereas it remained detectable in shaded seedlings (Figure 1, upper panel) . (Figure 1, lower panel) , decreased in exposed seedlings following transfer to 5°C, with little activity detectable at -5°C. In contrast, PSII photochemical efficiency in shaded seedlings did not change until the temperature fell to -5 °C.
Energy partitioning Photochemical efficiency of open PSII centers, measured as
Estimates of the partitioning of light energy absorbed by PSII (Figure 2 ) indicated a noticeable shift of energy from photochemical utilization to dissipation following transfer of exposed seedlings to 5°C. A further decrease in temperature to -5°C resulted in complete loss of the fraction of light used photochemically with virtually all energy absorbed in exposed seedlings being dissipated as heat. In the shaded plants, energy partitioning did not change on transfer to 5°C, but the freezing treatment resulted in a strong decrease in photochemistry with considerable gain in thermal dissipation. After 7 days of recovery at 20°C, the photochemical fraction in shaded plants was restored almost to the initial value, whereas in the exposed plants, photochemistry reached only about 30% of the initial value. The excess energy in exposed plants decreased with decreasing temperature and comprised about 12% of the total energy absorbed at the beginning of the recovery period and 18% of the total energy absorbed at the end of the recovery period. In shaded plants, excess energy was almost completely quenched at all temperatures.
Antenna cross section Functional absorption cross section per reaction center was estimated from PSII variable fluorescence (F v ′ ) or PSI absorbance responses (Mauzerall and Greenbaum 1989) . Values of F v ′ plotted against increasing flash intensity ( Figure 3 ) were lower in exposed needles than in shaded needles at all temperatures, confirming that PSII was down-regulated in the exposed plants. Effective cross section (SigmaPSII) values extracted from the plots (Table 2) revealed that at 20°C, PSII functional absorption cross sections were smaller in exposed needles than in shaded needles. A decrease in temperature reversed the situation: at 5°C, exposed needles demonstrated an increase in PSII functional absorption cross sections serving their remaining PSII centers, whereas no changes were observed in shaded needles at 5°C. A temperature of -5°C caused a large drop in F v ′ in exposed plants, so the numeric estimation of PSII functional absorption cross sections per PSII became problematic, but nevertheless gave high values (data not presented). The small residual F v ′ in exposed plants at -5°C was nearly saturated by flashes of low photon dose (Figure 3) , indicating large effective antenna cross sec-328 SVESHNIKOV ET AL.
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The estimated PSI functional absorption cross section showed little difference between the exposed and shaded seedlings (Table 2) . Some increase in SigmaPSI seemed to be present in both groups of plants when temperatures were lowered, although the estimated differences were significant only for shaded plants at -5 °C (Table 2 ).
Light energy quenching mechanisms
Pigments Thylakoid pigments responded differently to changes in growth temperature. Acclimation to low temperatures caused a decrease in total chlorophyll and total carotenoids per TREE PHYSIOLOGY ONLINE at http://heronpublishing.com (1 -q p ) ). Measurements were taken at 20°C. Each value represents the mean response (± SE) of three disks of needles, one measurement per disk.
unit dry mass at both 5 and -5°C (Table 1) . Exposed plants at low growth temperatures had about 70% less chlorophyll compared with plants grown at 20°C, and the corresponding value for shaded plants was about 30%. Compared with the decrease in chlorophylls, the decline in the carotenoid pool size was smaller. The mass-based carotenoid concentration of exposed, cold-treated plants was about 45% of that of plants grown at 20°C, whereas low temperatures caused a 20% decrease in carotenoid concentration in shaded plants (Table 1 ). The ratio of Chl a/Chl b decreased with decreasing temperature in seedlings in both light treatments (Table 1) , and after 7 days of recovery at 20°C the Chl a/Chl b ratio was still lower than the initial control value, however, the shaded plants had higher ratios than the exposed plants (Table 1) . Although total carotenoid concentration per unit dry mass decreased during cold acclimation, chlorophyll-based carotenoid concentration increased by about 40% in the exposed seedlings, but by only 5-10% in shade plants (Figure 4 ). Exposure to low temperatures not only increased the relative size of the carotenoid pool, but also increased the chlorophyll-based lutein concentration three-to fourfold in exposed plants and two-to threefold in shaded plants (Figure 4 ). There was a similar substantial increase in the pool of the xanthophyll cycle pigments violaxanthin, antheraxanthin and zeaxanthin (VAZ) per mole of chlorophyll, especially in exposed plants where the apparent size of the xanthophyll cycle pigment pool doubled during the cold hardening period. In agreement with the energy partitioning data, shaded seedlings developed high de-epoxidation state values (DEPS) only under winter conditions (-5°C), whereas exposed seedlings achieved about 60% of their maximum DEPS at 5 °C (Figure 4) . Thermoluminescence Light-induced TL emission provided information on the activation energies associated with the charge recombination reactions of the primary and secondary quinone electron acceptors (Q A and Q B , respectively) with the electron donors (S 2 and S 3 ) of PSII. Exposure of dark-adapted samples to single-turnover flashes of white saturating light in combination with DCMU to block electron flow between Q A and Q B yielded TL glow curves with peak emission temperatures characteristic for the S 2 Q A -, S 3 Q A -, S 2 Q B -and S 3 Q B -charge recombinations (Inoue 1996 , Sane 2004 Table 2 ). Each value represents the mean response (± SE) of three disks of needles, 3-5 measurements per disk. Table 2 . Functional antenna cross section of photosystems II and I (PSII and PSI) in exposed (350 µmol m -2 s -1 ) and shaded (50 µmol m -2 s -1 ) needles of Scots pine seedlings subjected to the following treatments: control (20°C, 3 weeks), cold acclimation (5°C, 3 weeks), freezing stress (-5°C, 3 weeks) and recovery from freezing stress (20°C, 7 days). For PSII: the numbers were obtained as the exponential slope of a Poisson-fit of the variable fluorescence responses of the needles (F v ′, mV) plotted against actinic flash intensity (as in Figure 4 ) and normalized to maximal response. For PSI: the numbers were obtained as the exponential slope of a Poisson-fit of the absorption changes at 820 nm in the needles (∆A 280 , mV) plotted against actinic flash intensity and normalized to maximal response. Mean values (± SE) were calculated from the responses of three disks of needles, 3-5 measurements per disk. Statistical significance of the differences in 5 and -5°C treatments compared with control values is indicated by asterisks (* = P < 0.0003, ** = P < 0.01 and *** = P > 0.1). 12*** 0.11*** 0.13*** 0.14* teristic temperature maxima (T M ) of the TL peaks related to the recombination of these charge pairs reflect the activation energies and hence a measure of the redox potentials of the participating oxidized and reduced donors (DeVault and Govindjee 1990). In a previous study, TL emission peaks around 45°C in control and 2°C in DCMU-poisoned Scots pine needles were ascribed to S 2 Q B -and S 2 Q A -recombinations, respectively . Exposure of non-hardened Scots pine needles grown at a moderate irradiance (350 µmol m -2 s -1 ) to two flashes of white saturating light yielded a TL glow curve that could be separated into three peaks with the characteristic peak emission temperature (T M ) of the major peak centered around 45°C and two minor bands appearing around 2°C and above 60°C ( Figure 5A , Table 3 ). Plants grown in shade (50 µmol photons m -2 s -1 ) exhibited similar TL patterns as the exposed plants, although the overall TL intensity of the glow curve was lower ( Figure 5B ). The recombination of S 2 Q A -charge pairs estimated in the presence of DCMU (traces not shown) indicated only a minimal difference between the exposed and shaded plants (Table 3) . Acclimation of exposed and shaded plants to a temperature of 5°C caused a large decline in the TL emission of the S 2 Q B -band ( Figures 5C and 5D ) and a 7 and 12°C shift to lower temperatures in shaded and exposed needles, respectively (Table 3). In addition, cold acclimation caused a shift of the S 2 Q A -band to a slightly higher T M . Exposed needles frost hardened at -5°C exhibited a further decrease in the TL emission (Figure 5E ) with no change in the S 2 Q B -and S 2 Q A -peak positions (Table 3 ). In contrast, shaded needles at -5°C showed no further changes in TL emission, but the S 2 Q B -peak shifted to a lower T M , whereas S 2 Q A -shifted to a higher T M (Table 3 ). The TL glow curve patterns of frost-hardened exposed and shaded pine needles after recovery at room temperatures (Figures 5G and 5H) closely resembled those of the corresponding control exposed and shaded plants. In both cases, the TL emissions recovered almost completely to the values observed in control samples and recovery was accompanied by a shift in S 2 Q B -peak emission to higher temperatures. Simultaneously, the S 2 Q A -band shifted to temperatures close to that in control samples (Table 3) .
Discussion
Light enhances the effect of cold treatment on photosynthetic efficiency
Acclimation of Scots pine seedlings to low (5°C) and freezing (-5°C) temperatures at two irradiances followed the anticipated pattern in terms of photosynthetic efficiency, quenching parameters and pigment content adjustments based on the concept of energy balance (Huner et al. 1998) . Under winter field conditions, cold-induced photoinhibition has been reported previously in various plant species (Ball et al. 1991 , Holly et al. 1994 , with a higher photoinhibition and a slower rate of recovery in pine needles exposed to high irradiances (Bauer et al. 1975 1987, Hallgren 1988, Ensminger et al. 2004 ). In natural habitats, the interactive effect of irradiance and low temperatures has important ecological implications. For example, Slot et al. (2005) found that Scots pine seedlings growing on the southern side of sheltering older Scots pine trees experience more severe photoinhibition and a lower rate of recovery after winter stress than seedlings growing to the north of the sheltering trees, and concluded that low temperatures together with a low solar angle during the boreal spring and early summer create different light and shading for northern-exposed compared with southern-exposed seedlings, which accounts for much of the observed spatial regeneration pattern.
Our fluorescence data indicated a decrease in photochemical efficiency of the PSII reaction centers in Scots pine seedlings in response to low temperatures (Table 1, Figure 1 ) and also revealed a stronger decrease in photochemical efficiency in exposed seedlings compared with shaded seedlings, corroborating earlier findings Hallgren 1987, Adams et al. 2002) . The rate of oxygen evolution decreased in both exposed and shaded seedlings following transfer from a growth temperature of 20 to 5 or -5°C, but especially in the exposed plants (Figure 1 ), indicating that, during the acclimation of needles to 5°C, the observed decrease in oxygen evolution was mainly an effect of temperature.
In addition, a decreased rate of oxygen evolution in exposed plants at 5°C suggests a stronger decline in the photochemically allocated fraction of the energy absorbed by PSII in these seedlings. The energy partitioning data (Figure 2 ) confirm that 332 SVESHNIKOV ET AL.
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Transfer of shaded plants to -5°C resulted in some retention of oxygen evolution and the photochemically used fraction of PSII absorbed light energy. In contrast, exposed plants showed complete inhibition of photosynthesis at -5°C, with almost complete loss of photochemistry (Figure 2 ). Thus, despite thermal dissipation mechanisms developed in the exposed seedlings, we conclude that freezing and exposure to moderate irradiance together led to increased damage to PSII. This conclusion is supported by the low efficiency of photosynthetic recovery in exposed seedlings after return to 20 from -5°C. In contrast, needles of shaded plants retained some oxygen-evolving activity after freezing, enabling the plants to quickly relaunch photosynthesis when temperatures increased.
Protective mechanisms and irradiance
The energy channelling and quenching parameters derived from room temperature fluorescence measurements indicated a strong decrease in photochemistry in pine needles at low temperatures. The changes in photochemical quenching differed between exposed and shaded plants. The exposed seedlings were more affected, with photochemistry decreasing to less than 50% at 5°C and virtually disappearing at -5°C. The thermally dissipated fraction of absorbed light energy was much higher at low temperatures, especially in the exposed plants (Figure 2 ), pointing to increased development of NPQ mechanisms at low temperatures.
In both irradiance treatments, total chlorophyll concentration in the needles decreased with decreasing temperature, and the decreases were greater in the exposed plants than in the shaded plants (Table 1) . Retaining chlorophyll during winter (Öquist and Martin 1980) requires an increase in carotenoid content to increase radiationless dissipation of excess energy to protect the remaining PSII reaction centers when photosynthesis is inhibited Ball 2000, Matsubara et al. 2002) . The relative increase in carotenoids per mole of chlorophyll at low temperatures was higher in exposed seedlings than in shaded seedlings (Figure 4 ). Nevertheless, there was a net loss in the absolute concentration of carotenoids per unit dry mass in both seedling types, which was accompanied by an even higher net loss in total chlorophyll per unit dry mass in the exposed seedlings (Table 1) .
Sustained high concentrations of lutein (Tausz et al. 1999 , Tausz et al. 2001 , Matsubara et al. 2003 , zeaxanthin and antheraxanthin in Scots pine in winter are responsible for photoprotective thermal energy dissipation Demmig-Adams 1994, Ottander et al. 1995) , and are associated with maintenance of low PSII efficiency at low temperatures (Barker et al. 2002) . Changes in the concentrations of the xanthophyll cycle pigments (VAZ) and their de-epoxidation state (DEPS) during the hardening period correlated positively with increased irradiance and decreased temperature in both exposed and shaded seedlings. However, the irradiance treatments resulted in different quantitative responses as a result of the different excitation pressure imposed on these plants (Figure 2) . A combination of moderate irradiance and low temperature forced the formation of DEPS in the exposed seedlings during cold acclimation to lower temperatures. Carotenoid synthesis in the exposed seedlings therefore increased during the cold-hardening period, the xanthophyll cycle became fully functional and high levels of NPQ were developed. These changes corroborate the observed increase in thermal dissipation of light energy in exposed seedlings at 5°C (Figure 2) . At -5°C, almost all absorbed energy became dissipated in the exposed needles. In contrast, the shaded plants demonstrated a higher excess energy fraction, and also some partitioning to photochemistry even at -5 °C.
Remaining light harvesting antenna complexes and reaction center quenching
Low temperatures lead to a decrease in photochemical responses, although a substantial fraction of the antenna protein is preserved intact after the acclimation. This demands a large redistribution of excitation energy from photosynthesis to quenching, through rearrangements and tuning in both an-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com ENERGY PARTITIONING AND QUENCHING IN SCOTS PINE 333 Table 3 . Thermoluminescence determination of photosystem II charge recombination thermodynamics. Peak emission temperatures (T M ) of S 2 Q A -and S 2 Q B -glow peaks in exposed (350 µmol m -2 s -1 ) and shaded (50 µmol m -2 s -1 ) needles of Scots pine seedlings subjected to the following treatments: control (20°C, 3 weeks), cold acclimation (5°C, 3 weeks), freezing stress (-5°C, 3 weeks) and recovery from freezing stress (20°C, 7 days). The T M of glow peaks represented by characteristic sub-bands were estimated by a nonlinear least-squares fitting of the experimental glow curves obtained after illumination with two single turnover flashes (see Figure 5 ). Measurements for estimation of S 2 Q A -were performed in the presence of 20 µM 3-(3′,4′-dichlorophenyl)-1,1dimethylurea. Mean values (± SE) are based on 3-11 independent experiments.
Treatment
Exposed Shaded
Control ( tenna and reaction centers. We found that the remaining antenna complexes are not completely detached from the few remaining reaction centers under winter conditions. The PSII functional absorption cross section increased in the remaining reaction centers of both photosystems with decreasing temperature, especially at moderate irradiance (Table 2 ). This enhancement might be the result of damage to more reaction centers under conditions of moderate irradiance and low temperature. Decreased absolute response values of F v ′ (Figure 3 ) in cold-stressed exposed seedlings are also in accordance with lower photochemical efficiency of PSII (as also indicated by the F v /F m values in Table 1 ), supporting a proposed increase in reaction center quenching activity served by the increased absorbance cross sections. Strong steady-state reduction of PSI reaction centers in response to low temperatures has been shown in Scots pine in winter (Ivanov et al. 2001) . Because the functional absorption cross section of PSI also increased in response to cold treatment (Table 2) , PSI may serve in the dissipation of excitation energy for the remaining antennae.
Reaction center quenching is increased under cold acclimation
It has been reported recently that increased excitation pressure following exposure of cyanobacteria and higher plants to low temperatures is accompanied by increased probability of nonradiative excitation energy dissipation within the reaction center of PSII (reaction center quenching) mediated by a shift of the redox potentials of the primary (Q A ) and secondary (Q B ) quinone electron acceptors of PSII . This was revealed through a shift in the T M of flash-induced S 2 Q B -and S 2 Q A -charge recombinations. A similar mechanism for dissipation of excess light energy was also proposed to supplement the zeaxanthin-dependent NPQ in Scots pine in winter (Ivanov et al. 2001 , but no systematic flash-induced analysis of S 2 Q B -and S 2 Q A -charge recombinations was performed.
The TL glow curve patterns demonstrated that the T M of the S 2 Q B -band shifted to lower temperatures by 13 and 7°C in the exposed and shaded seedlings, respectively, on acclimation to low temperature (Table 3 ). The T M of the DCMU-induced S 2 Q A -band was up-shifted by about 2°C. These shifts narrowed the gap between the T M values of S 2 Q B -and S 2 Q A -by 15 and 10°C in the exposed and shaded seedlings, respectively. Exposure of the seedlings to freezing temperature caused no further significant changes in the S 2 Q B -and S 2 Q A -peak emission temperatures, regardless of the growth irradiance. However, these shifts were completely reversible and, after the recovery period, the peak positions of both S 2 Q B -and S 2 Q A -charge recombination resembled those in control plants (Table 3 ). In addition, and in agreement with a previous report (Ivanov et al. 2001) , cold-acclimated seedlings had lower TL emission. We found that growth irradiance appears to influence the TL response pattern ( Figure 5 , Table 3 ). The exposed seedlings showed much higher sensitivity to the temperature decrease, losing much of their TL intensity at +5°C, whereas the shaded seedlings maintained their TL signal throughout both cold treatments, likely reflecting the higher number of remaining reaction centers in these seedlings.
The change in the activation energy of the recombining ion pair reflected by a shift in T M is related to the midpoint potentials of the recombining species (DeVault and Govindjee 1990) . Narrowing the gap in T M s between S 2 Q A -and S 2 Q B -suggests that the redox potentials of Q A and Q B have come closer, which should result in changes in the equilibrium constant of the electron flow between Q A and Q B such that there is an increased probability of the electron being retained on Q A . The increased population of reduced Q A (Q A -) would increase the probability of non-radiative charge recombination between Q A -and P680 + (Prasil et al. 1996 , Krieger-Liszkay and Rutherford 1998 , Vavilin and Vermaas 2000 . It has been suggested that increased reduction of Q A is a major requirement for efficient reaction center quenching (Bukhov et al. 2001) . Furthermore, the accumulation of Q A -inhibits the formation of P680 triplets (Schatz et al. 1988 , Vass et al. 1992 ) reducing the possibility of photodamage to PSII.
Conclusions
Exposure to increased growth irradiance increased the inhibitory influence of low temperatures on photosynthetic activity in Scots pine needles and impaired recovery of photosynthesis after transfer to 20°C. Light-exposed plants lost more PSII reaction centers than shaded plants, but kept a relatively larger antenna and a relatively larger pool of photoprotective xanthophyll cycle pigments, responsible for the thermal dissipation of the absorbed light energy. We suggest that the light-dependent changes observed in the redox properties of both the primary (Q A ) and secondary (Q B ) acceptors of PSII reaction centers at low and freezing temperatures enhance the probability of non-radiative energy dissipation within the PSII reaction center (reaction center quenching), thus supplementing antenna-based xanthophyll-dependent NPQ of excess light during winter.
